


Microbial Bioinorganic Interactions in Metal-Contaminated Environments: Mechanisms, Biogeochemical Consequences, and Bioremediation Opportunities

Abstract
Metal-contaminated environments ranging from acid mine drainage systems and tailings ponds to industrially impacted soils and groundwater are not merely passive repositories of pollutants. They are dynamic biogeochemical reactors in which microorganisms continuously reshape metal speciation, mobility, and toxicity through bioinorganic interactions. These interactions include metal binding to cell surfaces and extracellular polymers, intracellular trafficking and sequestration, enzymatic detoxification and efflux, and most consequentially microbially driven redox transformations that couple metal cycling to carbon, sulfur, nitrogen, and iron metabolisms. In anaerobic and microaerophilic zones, metal reduction by electroactive bacteria can precipitate or immobilize metals (e.g., U(VI) reduction), while in oxidizing niches, microbial oxidation accelerates sulfide mineral dissolution and liberates acidity and metals. Microbial sulfate reduction can generate sulfide that precipitates dissolved metals as sparingly soluble metal sulfides, forming the basis of widely used bioremediation strategies. At the same time, microbes can increase risk by producing more toxic metal species, exemplified by mercury methylation mediated by microorganisms harboring the gene pair hgcAB, which generates bioaccumulative methylmercury. This review synthesizes journal evidence on the molecular and community-level strategies microbes use to persist under metal stress, the major bioinorganic pathways controlling metal fate, and the practical implications for engineered remediation.
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1.0 Introduction: why microbial bioinorganic interactions control metal fate
Metal contamination is often framed as a purely chemical problem, increased concentrations of dissolved ions or metal-bearing particulates that threaten ecosystems and human health [1, 2]. In reality, most contaminated settings are biologically active, and the “chemistry” of metals is inseparable from microbial ecology. Microorganisms interact with metals at every spatial scale, from nanometer-scale coordination chemistry at cell envelopes to kilometer-scale impacts on watershed geochemistry. The net outcome mobilization, immobilization, detoxification, or increased toxicity depends on the coupling of microbial metabolism to redox gradients, ligand availability, and mineral surface reactivity. A central principle of microbial bioinorganic interactions is that speciation matters more than total metal concentration. The same element can be relatively benign or highly hazardous depending on oxidation state, complexation, and mineral association. Microbes both respond to and actively modify speciation: they reduce, oxidize, methylate, precipitate, dissolve, sorb, and chelate metals [3, 4]. This is not incidental; it is often a strategy for energy conservation, nutrient acquisition, or survival under toxicity. Reviews of heavy-metal bioremediation consistently highlight processes such as biosorption, bioaccumulation, biotransformation, biomineralization, and bioleaching as core microbial routes that directly alter metal forms and their environmental behavior as illustrated in Table 1 below.








Table 1: Major microbial bioinorganic interaction modes and their consequences for metal fate
	Interaction mode
	Dominant mechanism
	Typical environmental context
	Likely outcome for metals
	Example elements

	Biosorption (cell wall/EPS)
	Surface complexation to functional groups
	Soils, sediments, biofilms
	Short-to-medium-term immobilization; localized enrichment
	Pb, Cd, Cu, Zn

	Efflux/sequestration
	Transporters and intracellular chelators
	Broad, especially chronic low-level exposure
	Reduced intracellular toxicity; may not remove metals from system
	As, Cd, Cu

	Redox transformation
	Enzymatic reduction/oxidation coupled to respiration
	Redox gradients, anoxic sediments
	Mobilization or immobilization depending on product speciation
	Fe, Mn, U, As, Cr

	Biomineralization
	Precipitation as sulfides/phosphates/carbonates
	Anoxic zones, SRB reactors
	Strong immobilization; potential for recovery
	ZnS, PbS, CuS, metal phosphates

	Bioleaching
	Oxidation of sulfides, acid generation, ligand release
	AMD, mining waste
	Increased metal release and acidity
	Fe, Cu, Zn, As-associated ores

	Volatilization/methylation
	Biotransformation to volatile or organometallic forms
	Anoxic wetlands, sediments
	Can detoxify (some elements) or increase risk (Hg)
	Hg (MeHg), AS

	
	
	
	
	



Microbial metal interactions also determine whether contaminated environments remain persistently hazardous or transition toward stability [5, 6]. For example, in mine-impacted systems, microorganisms influence sulfide mineral dissolution and sulfur oxidation pathways, thereby shaping acidity generation and the release of metals into drainage waters [7]. Classic field and laboratory observations show that acid mine drainage (AMD) microorganisms can strongly affect rates of sulfur oxidation during dissolution of minerals such as pyrite and other sulfide ores [8-10]. This means that “contamination” can be microbially amplified, not only mitigated. Understanding microbial bioinorganic interactions, therefore, is essential for predicting contaminant trajectories and for designing interventions that harness beneficial processes while suppressing harmful ones.
2.0 Metal speciation and bioavailability: the true interface between microbes and metals
Microbial exposure to metals is controlled by what is bioavailable, not what is present in bulk. Bioavailability is governed by aqueous chemistry (pH, ionic strength, competing ligands), mineralogy (sorption sites, dissolution kinetics), and the presence of organic matter and microbial exudates [11]. In circumneutral waters, many metals form carbonate or hydroxide complexes that reduce free-ion activity; in acidic settings, dissolved ionic forms dominate and tend to be more acutely bioavailable and toxic [12, 13]. Microbes “sense” this chemistry through membrane transporters and surface interactions, responding not just to metal concentration but to chemical potential and competitive binding environments. A major microbial strategy that reshapes bioavailability is the production of metal-binding ligands. While siderophores are classically described as iron-chelating molecules, modern microbial ecology recognizes them as broader bioinorganic tools that alter metal solubility, transport, and competition in the environment. A detailed review on Shewanella siderophore biology illustrates the sophistication of siderophore-mediated iron acquisition, including synthesis, export, and uptake pathways in Gram-negative bacteria mechanisms that also influence how iron is distributed across biofilms and mineral surfaces. In contaminated environments, such ligands can inadvertently mobilize metals by complexation, potentially increasing transport to receptors or away from reactive mineral sinks.
Speciation is also shaped by microbial modification of the local microenvironment. Biofilms generate steep gradients in oxygen, pH, and redox potential over microns, creating niches where different metal species predominate [14, 15]. For example, within the same sediment particle, oxic microzones may favor metal oxidation and adsorption to iron oxides, while anoxic microzones favor reduction, dissolution, or sulfide precipitation [16]. This micro-scale heterogeneity explains why remediation outcomes can vary across seemingly similar sites and why single-point chemical measurements can miss the functional “metal ecology” that microbes experience. Finally, bioavailability must be considered alongside essentiality. Some metals (iron, manganese, copper, zinc, cobalt, nickel) are required cofactors for enzymes and metalloproteins, which makes microbes actively import them under scarcity. Contamination can flip this requirement into toxicity, where import pathways become liabilities. Thus, microbial metal homeostasis is often a tightrope walk: acquiring enough essential metals for metabolism while preventing overload and oxidative damage. This duality is a defining feature of microbial life in contaminated settings.
3.0 Cellular and community strategies for survival under metal stress
3.1 Cell envelope interactions: biosorption, surface complexation, and EPS shielding
The microbial cell envelope is the first bioinorganic interface for metals. Functional groups on cell walls and membranes carboxyl, phosphate, hydroxyl, and amine moieties bind metal ions through electrostatic attraction and coordination [17, 18]. This binding can act as a detoxification “buffer” by preventing metals from entering the cytoplasm, but it can also create localized enrichment zones where redox reactions are catalyzed. In Gram-positive bacteria, thick peptidoglycan layers and teichoic acids provide abundant binding sites; in Gram-negative bacteria, lipopolysaccharides and outer membrane proteins contribute additional metal-reactive surfaces [19, 20]. Biofilms intensify these interactions through extracellular polymeric substances (EPS), a matrix rich in polysaccharides, proteins, and extracellular DNA [21, 22]. EPS can sorb metals strongly, reducing free-ion activity and acting as a diffusion barrier. In contaminated soils and sediments, EPS-mediated sequestration may account for a substantial fraction of “immobilized” metals even before mineral precipitation occurs [23, 24]. Importantly, EPS binding is not purely passive. Microbes can modify EPS composition in response to metal stress altering charge density and binding affinity thereby actively tuning the chemical barrier between cells and their environment. Biofilms also reshape the physical fate of metals. Metal-bound biofilms can flocculate particulates, change sediment cohesion, and create microenvironments favorable for biomineral formation [25]. In AMD systems, biofilms often develop on mineral surfaces where they can either accelerate dissolution by maintaining acidic conditions and catalyzing oxidation or promote immobilization by serving as nucleation scaffolds for secondary minerals [26-30]. This dual role highlights why biofilm architecture and metabolic state are crucial determinants of whether microbial communities exacerbate or mitigate contamination.


3.2 Intracellular control: efflux, sequestration, and enzymatic detoxification
Once metals enter cells, microbes rely on a suite of resistance systems: efflux pumps that export toxic ions, metallothionein-like proteins and other chelators that sequester metals, and enzymes that transform metals into less toxic forms [31, 32]. Broad bioremediation reviews emphasize these mechanisms across bacteria, fungi, and algae and catalog common routes including biosorption, bioaccumulation, biotransformation, biomineralization, and volatilization. The critical point is that intracellular strategies are often tightly regulated and triggered at relatively low metal exposures, reflecting the rapid cellular damage metals can cause via protein binding or oxidative stress. Efflux systems can be highly specific (e.g., for arsenite, cadmium, or copper) and are often encoded on mobile genetic elements, enabling rapid dissemination in contaminated environments. Sequestration proteins bind metals to reduce their reactivity and prevent interference with essential metalloproteins [33]. Enzymatic detoxification can include reduction of highly reactive metal species (or oxidation, depending on which species is less toxic or less mobile in the given setting), as well as methylation or demethylation pathways that can either detoxify or increase bioaccumulation risk depending on the element [34, 35]. A key ecological consequence is that resistance traits often co-occur with other adaptive traits, including antibiotic resistance, because efflux pumps and stress response regulons can provide cross-protection. This means metal contamination can indirectly shape broader microbial community function and public health risk, not only via metal toxicity but by selecting for stress-hardened microbial populations.
3.3 Community assembly and functional redundancy under metal pressure
At the community level, metal stress acts as a powerful selective filter, often reducing diversity but enriching for organisms with specialized resistance and metabolic capabilities. However, contaminated environments can also exhibit functional redundancy: multiple taxa capable of the same metal transformation (e.g., arsenate reduction, iron reduction) may coexist, providing resilience against perturbations [36, 37]. The functional outcome depends on nutrient supply, electron acceptor availability, and hydrologic flow that distributes metals and metabolites. In many metal-impacted environments, community assembly is structured by redox gradients [38, 39]. Oxic niches favor chemolithotrophs that oxidize reduced minerals, while anoxic niches enrich for metal reducers, sulfate reducers, and methanogens [40]. These groups can form layered consortia in sediments or biofilms, where the metabolic products of one guild become substrates for another. Such structuring is especially evident in mine drainage environments and contaminated aquifers where iron, sulfur, and carbon metabolisms interact. Finally, modern microbial ecology increasingly links functional potential to genes and pathways, rather than relying on taxonomy alone. Reviews connecting genes to biogeochemical cycling emphasize that redox transformations of metals such as arsenic are mediated by diverse microbial guilds with distinct genetic markers, enabling more direct inference of function from metagenomic data [41-45]. This gene-to-function linkage is transforming how we understand and manage microbial bioinorganic interactions at contaminated sites.
4.0 Microbial redox transformations: metals as electron acceptors, donors, and ecological currencies
4.1 Extracellular electron transfer and dissimilatory metal reduction
One of the most profound microbial bioinorganic interactions is the use of metals as terminal electron acceptors in respiration. In anoxic environments where oxygen and nitrate are limited, many microbes conserve energy by transferring electrons to insoluble metal oxides such as Fe(III) and Mn(IV) [46]. This requires moving electrons across cell envelopes to extracellular minerals, a process known as extracellular electron transfer (EET). EET is not merely a biochemical curiosity; it directly changes mineral solubility, metal mobility, and the stability of sorbed contaminants [47]. The environmental relevance of EET is clearly illustrated by Geobacter species, which can reduce Fe(III) oxides and concurrently influence uranium fate [48]. A mechanistic study demonstrated extracellular reduction of uranium via Geobacter sulfurreducens, supporting the broader observation that stimulating Fe(III) reduction by Geobacter in situ can lead to U(VI) precipitation from groundwater [49]. This is a canonical example of microbial respiration driving contaminant immobilization: soluble U(VI) is reduced to less soluble U(IV), which can precipitate as uraninite-like phases or associate with biomass and minerals.
Shewanella species provide another model for EET, with outer-membrane cytochrome complexes that interact with minerals and electrodes [50]. While Shewanella is often studied for bioelectrochemical applications, the same machinery governs metal reduction in sediments and tailings. Recent review of Shewanella-mediated processes emphasize the complexity of extracellular electron transfer components and their role in interactions with metal surfaces, including corrosion and mineral transformation dynamics [51]. In contaminated environments, such EET-capable organisms can either immobilize metals via reduction and precipitation or mobilize metals by dissolving oxide phases that previously sequestered contaminants.


4.2 Iron–sulfur coupling in mine drainage and tailings systems
Mine-impacted systems highlight how microbial metabolism can accelerate metal release. In AMD environments, microbial oxidation of iron and sulfur compounds can greatly increase acidity and promote dissolution of sulfide minerals, releasing Fe, sulfate, and trace metals [52]. AMD microbial communities notes that microorganisms can impact rates of sulfur oxidation during dissolution of multiple sulfide minerals, explaning their role in controlling geochemical fluxes [53]. Once acidic conditions develop, Fe(II) oxidation and Fe(III) hydrolysis can further drive a self-propagating cycle, while low pH selects for acidophilic taxa specialized in these reactions.
The bioinorganic significance is that AMD is not simply “metal contamination”; it is a microbially amplified mineral weathering regime in which microbial catalysis alters reaction kinetics and thermodynamic pathways. Iron(III) becomes a potent oxidant for sulfides at low pH, and microbes maintain iron in oxidized forms and regenerate acidity [54]. The result is persistent metal mobilization unless conditions are altered through neutralization, oxygen limitation, or engineered biological treatments that shift microbial community structure. Yet AMD systems also contain natural attenuation pathways. Downstream from oxidation zones, where oxygen becomes limited and organic carbon increases, microbial sulfate reduction and iron reduction can precipitate metals and neutralize acidity [55]. This spatial separation oxidation upstream, reduction downstream creates a landscape where microbial guilds drive opposite metal outcomes, and remediation often aims to expand the reductive, immobilizing zones.
4.3 Risk-generating transformations: mercury methylation as a bioinorganic hazard
Not all microbial transformations reduce risk. Mercury provides a striking example of microbial activity increasing toxicity through methylation, producing methylmercury, a neurotoxic compound that bioaccumulates in food webs [56]. A major advance in understanding this process was the identification of the gene pair hgcAB as required for mercury methylation, enabling detection of methylating potential across diverse microorganisms and environments [57, 58]. This genetic insight changed the field by showing that mercury methylation is not restricted to a narrow set of taxa; rather, it can occur across sulfate-reducing bacteria, iron-reducing bacteria, and methanogenic archaea in anoxic settings. 
Bioinorganic chemistry is central here: methylation rates depend on mercury speciation and availability, which are shaped by sulfide concentrations, organic ligands, and redox status [59, 60]. Oxygen-deficient zones such as wetlands, sediments, and rice paddies often support methylation because they host the metabolic guilds that carry hgcAB and because mercury can exist in forms accessible to cells under those conditions [61, 62]. Field studies increasingly relate methylation to both gene expression and mercury geochemistry, emphasizing that microbial capacity and chemical availability must align to generate risk [63, 64]. This example is a caution for remediation: creating anoxic conditions to precipitate metals may inadvertently increase methylmercury formation if mercury is present and sulfide/organic conditions favor bioavailability. Effective management requires element-specific understanding microbial immobilization strategies that are beneficial for one metal can be harmful for another.
5.0 Biomineralization and precipitation: microbes as mineral engineers in contaminated settings
5.1 Sulfate-reducing bacteria and metal sulfide formation
Microbial sulfate reduction is among the most practically exploited bioinorganic processes for metal remediation. Sulfate-reducing bacteria (SRB) generate sulfide (HS⁻/H₂S) as an end product of anaerobic respiration, and this sulfide reacts with many dissolved metals to form highly insoluble metal sulfides [65]. A review emphasizes that SRB convert sulfate to sulfide, and the sulfides react with heavy metals to precipitate toxic metals as metal sulfides stable phases that can be removed or retained in sediments and treatment systems [66]. This mechanism underlies engineered passive treatments such as sulfate-reducing bioreactors for mining-impacted waters. The bioinorganic strength of SRB remediation lies in thermodynamics and mineral chemistry. Many metal sulfides have very low solubility products, meaning precipitation can occur even at low metal concentrations, enabling “polishing” of wastewaters. Additionally, SRB can increase alkalinity (through consumption of acidity and production of bicarbonate), helping neutralize AMD conditions and improving overall water quality [67]. However, system design must account for sulfide toxicity, electron donor supply, and the risk of re-oxidation of sulfide minerals if oxygen re-enters the system. SRB processes also interact with iron cycling. Formation of FeS and other iron sulfides can provide additional sorption capacity for trace metals and influence long-term stability [68]. Yet, if conditions shift toward oxidation, sulfide minerals can dissolve, potentially releasing metals. Thus, long-term remediation success depends on maintaining reducing conditions or stabilizing precipitates within protective matrices.
5.2 Phosphate mineralization, carbonate precipitation, and biosorption-driven nucleation
Beyond sulfides, microbes promote precipitation of metal phosphates and carbonates, either directly through metabolic activity (e.g., phosphate release, alkalinity generation) or indirectly by providing nucleation sites on cell surfaces and EPS. Phosphate minerals can be particularly important for lead immobilization, while carbonate precipitation can immobilize metals in alkaline microenvironments [69]. Fungal and algal systems can also contribute to carbonate and phosphate pathways, though bacterial consortia dominate in many engineered settings [70]. A key feature of biomineralization is that it is often spatially localized: minerals form on cell surfaces, within biofilms, or in microzones where pH and ion concentrations differ from bulk water. This micro-scale mineral formation can be more stable than simple chemical precipitation because biofilms can entomb minerals and reduce their exposure to re-dissolving conditions. Conversely, it can also create heterogeneous deposits that complicate hydraulic flow in bioreactors. Biomineralization is increasingly seen not only as remediation but as resource recovery. Recent literature on metal recovery from wastewaters highlights sulfide precipitation as a route to recover metals rather than dispose of them, reflecting a shift toward circular approaches where microbial processes help concentrate metals into collectable phases [71-73]. This aligns bioinorganic remediation with sustainability goals, though practical recovery depends on metal value, precipitate purity, and process control.
5.3 Bioleaching and microbially enhanced dissolution: when biominerals are liabilities
Microbes can also increase metal mobility by promoting mineral dissolution. Bioleaching organisms oxidize sulfide minerals or produce acids and chelators that enhance dissolution, releasing metals into solution [74]. In mining contexts, this can be harnessed to extract metals, but in environmental contamination it is often harmful, and the microbial communities exemplify this, where microbial catalysis accelerates sulfide oxidation and promotes persistent release of iron, sulfate, and associated metals. The bioinorganic lesson is that microbial mineral interactions are bidirectional. Remediation requires steering systems toward precipitation and stable mineral formation while suppressing dissolution-promoting processes [75]. This often involves controlling oxygen ingress, carbon supply, and hydrologic residence time, as well as managing microbial community composition through selective conditions.
6.0 Element-focused case studies: arsenic, uranium, and mercury as models of microbial control
6.1 Arsenic: redox cycling, detoxification, and mobility control
Arsenic contamination is globally significant and is strongly shaped by microbial redox transformations. Microorganisms mediate arsenate [As(V)] reduction and arsenite [As(III)] oxidation, processes that alter toxicity and adsorption behavior [76]. Reviews linking genes to biogeochemical cycling highlight that arsenic redox changes are mediated by diverse arsenate-reducing and arsenite-oxidizing microbes, reflecting broad functional diversity [77-80]. Because As(III) is often more mobile and toxic than As(V), microbial reduction can increase risk, while microbial oxidation can promote adsorption to iron minerals and reduce mobility [81, 82]. Arsenic bioinorganic interactions are also tightly coupled to iron cycling. Iron oxides are major sorbents for arsenic; microbial iron reduction can dissolve iron oxides and release sorbed arsenic, a mechanism implicated in arsenic mobilization in groundwater [83]. Conversely, iron oxidation can regenerate sorbents and immobilize arsenic. Thus, arsenic fate often depends on whether microbial communities favor reductive dissolution or oxidative adsorption pathways in a given redox regime [84, 85]. Microbial arsenic detoxification includes efflux systems and transformation pathways, and modern reviews detail microbial mechanisms utilized to detoxify arsenic and the expanding toolkit for microbial-based arsenic bioremediation [86-89]. Practically, engineered arsenic remediation increasingly explores coupling arsenite oxidation with adsorption or co-precipitation strategies, using microbial processes to convert arsenic into forms that are more readily captured.
6.2 Uranium: immobilization through microbial reduction and mineral association
Uranium-contaminated aquifers illustrate how microbial respiration can immobilize metals. Under reducing conditions, U(VI) can be reduced to U(IV), which is far less soluble. The Geobacter literature provides strong mechanistic grounding: extracellular electron transfer systems can reduce uranium outside the cell, promoting precipitation and limiting intracellular toxicity [90-92]. Field strategies often stimulate microbial reduction by adding electron donors (e.g., acetate), promoting growth of iron-reducing communities that also reduce uranium. However, uranium bioremediation is not a simple one-way process. Re-oxidation can remobilize U(IV) if oxygen or nitrate intrudes, and complexation with carbonate can maintain U(VI) mobility. Moreover, uranium can associate with biomass and minerals in multiple forms, and long-term stability depends on geochemical conditions [93, 94]. These realities have pushed the field toward designing treatments that either maintain stable reducing conditions or create robust mineral traps that resist re-oxidation. Studies continue exploring microbial community design and mixed consortia to improve uranium reduction efficiency, reflecting the move from single-organism models toward community engineering in real-world subsurface heterogeneity [95, 96]. While site-specific, these advances reinforce the core bioinorganic concept: microbial electron flow, mineral surfaces, and contaminant speciation co-determine immobilization outcomes.
6.3 Mercury: gene markers, anoxia, and the trade-offs of reductive remediation
Mercury methylation is both a bioinorganic transformation and a public health hazard because methylmercury biomagnifies in food webs. The discovery that hgcAB is linked to methylation enabled broad surveys of methylator distribution and modern synthesis of mercury methylation ecology [97, 98]. Importantly, methylation tends to occur in oxygen-deficient environments where sulfate reducers, iron reducers, and methanogens thrive precisely the environments that remediation may create when aiming to precipitate other metals via sulfide [99, 100]. This creates a critical design challenge: treatments that increase anoxia and sulfide could reduce many metals yet raise methylmercury risk if mercury is present and bioavailable. Effective strategies therefore require integrated assessment measuring mercury speciation, evaluating hgcAB presence or expression, and managing sulfide and organic substrates to avoid conditions that maximize methylation. The mercury case emphasizes that “microbial remediation” must be element-specific and risk-aware. Microbes can detoxify, immobilize, or transform contaminants into worse hazards. Sustainable management depends on understanding the mechanistic levers controlling each pathway and designing systems that avoid unintended bioinorganic consequences.
7.0 Methods and emerging tools: from geochemistry to genes to function
Classical studies of microbial metal interactions relied on culture-based isolation and bulk geochemistry. While foundational, these approaches often missed the true diversity of functional guilds and the micro-scale heterogeneity that drives metal transformations. Today, multi-omics approaches and functional gene markers are enabling more accurate linkage between community composition and metal cycling processes. Reviews focused on mining waste microbiology emphasize that modern molecular methods now allow extraordinary detail in describing communities and their roles in controlling metal mobility [101-103].  A key methodological advance is the integration of metagenomics (who is there, and what genes they carry) with metatranscriptomics (what pathways are active) and geochemical microprofiling (what chemical conditions exist at relevant scales). This integration supports causal interpretation: identifying not just the presence of genes for iron reduction, sulfate reduction, arsenic cycling, or mercury methylation, but whether they are expressed under given site conditions. In mercury research, for example, gene markers such as hgcAB and studies relating gene expression to mercury availability have strengthened the ability to predict methylation potential from biological and geochemical data together [104, 105].  Another important tool is the use of functional assays that quantify “oxidative potential,” redox activity, or electron transfer capacity of communities and biofilms. In EET research, bioelectrochemical systems provide both mechanistic insights and practical remediation platforms, and reviews of EET-coupled heavy metal remediation highlight how manipulating electron transfer can improve reduction and immobilization of metals in soils and waters 106, 1-7]. These approaches bridge environmental microbiology and engineering, enabling controllable electron flow to drive desired metal transformations.
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Conclusion: microbes as determinants not passengers of metal contamination outcomes
Microbial bioinorganic interactions define the environmental life cycle of metals in contaminated systems. Through surface binding, intracellular control, redox transformations, and biomineralization, microorganisms can immobilize contaminants or mobilize them, sometimes increasing toxicity through transformations like mercury methylation. The strongest predictive framework is one that treats metals as dynamic chemical species and microbes as active agents that restructure speciation, not as background biology. Evidence across mine waste microbiology, SRB remediation, EET-driven metal reduction, and mercury/arsenic cycling illustrates that successful remediation depends on aligning microbial energetics with desired geochemical outcomes while anticipating trade-offs. SRB-driven sulfide precipitation is a powerful tool for metal removal and recovery, but system design must prevent re-oxidation and evaluate mercury risks. Geobacter-like reduction pathways can immobilize uranium, but long-term stability requires protection from re-oxidizing disturbances. AMD communities can amplify contamination by accelerating sulfide mineral oxidation, meaning prevention must address both oxygen access and microbial catalysis. The future of the field lies in integrating speciation-resolved geochemistry with functional genomics and reactive transport modeling, enabling site-specific prediction and control. With tools that link genes to metal transformations and with engineered systems that manage electron flow and redox landscapes, microbial bioinorganic interactions can be directed toward long-term stabilization and safer ecosystems provided they are treated with the mechanistic respect they demand. 
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